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Polarized cell movements are essential to the cell rearrangements that occur during 
morphogenesis.   In Xenopus, cell polarity is reflected in the directional cell intercalations that 
drive the morphogenetic movements characterizing gastrulation.  While these cell behaviours are 
well described, the molecular mechanism underlying this cell polarity is unknown.  PAR-3 is a 
multi-domain scaffolding protein and a key regulator of cell polarity.  I have isolated a cDNA 
encoding Xenopus PAR-3 and generated several mutant constructs, each lacking a conserved 
domain.  Initial characterization of GFP-tagged PAR-3 in A6 cells demonstrates localization to 
points of cell-cell contact in epithelial sheets, as well as at the leading edge of migrating cells.  
PAR-3 constructs lacking the CR1 or PDZ1 domain fail to compartmentalize properly and are 
found in the cytoplasm.  Eliminating the PDZ3 domain resulted in a loss of contact inhibition. 
Mutation of the aPKC phosphorylation site created a membrane hyper-accumulation phenotype. 
Together these data suggest that the CR1 and PDZ1 domains mediate membrane 
compartmentalization that is modulated through aPKC phosphorylation, while the PDZ3 domain 
is required for contact inhibition. In embryos, PAR-3 is expressed throughout gastrulation and 
over-expression of PAR-3 inhibits blastopore closure indicating a requirement during 
gastrulation.  Inhibition is relieved when the construct lacking the CR1 domain is over-
expressed.  PAR-3 was localized to the cell periphery in axial mesoderm.  Localization was 
abolished with deletion of the CR1 domain indicating that membrane targeting of PAR-3 is 
required for gastrulation and this targeting is dependent on oligomerization of PAR-3.  This 
investigation also suggests PAR-3 functions independent of the PAR complex in Xenopus 
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1.1 Polarized cell movements in Xenopus laevis Gastrulation 
Establishing polarity is fundamental to the function of all eukaryotic cells.  Cell polarity 
is required for oriented cell divisions, functional specialization of cells, and tissue organization 
(1, 2).  Polarity is also essential to the directed cell movements which drive embryogenesis (3).  
In Xenopus laevis, an animal/vegetal polarity is first noticeable in the mature oocyte through 
asymmetric accumulation of yolk granules, pigment, mRNA and proteins (4).  Following 
fertilization, cleavage results in the subdivision of the domains established during oogenesis (4, 
5).  As cleavage proceeds a fluid filled cavity, the blastocoel, is formed at the animal pole.  
During cleavage the three primary germ layers are established through inductive interactions 
between the animal and vegetal tissues (6).  This results in presumptive ectoderm at the animal 
pole, an equatorial band of presumptive mesoderm and the vegetal hemisphere is occupied by the 
large yolk-filled endoderm.     
Gastrulation is the process in which the three primary germ layers are rearranged to 
generate the tripoblastic embryo (6, 7).  Gastrulation is driven through localized domains of 
oriented cell movements (8).  The global rearrangements that are seen during gastrulation are the 
summation of the individual cell movements that occur within the segregated domains (6, 7).   
Xenopus gastrulation is characterized by spatially and temporally controlled morphogenetic 





Figure 1.  Xenopus Gastrulation Movements.  Gastrulation generates the architecture of the early 
tripoblastic embryo by positioning the ectoderm (blue) on the outside, endoderm (yellow), on the inside 
and mesoderm (red) in between.  Gastrulation is initiated at Stage 10 with formation of the blastopore lip 
and is distinguished by several mophogenetic movements, vegetal rotation (yellow), epiboly (blue), 








Gastrulation is first observed on the dorsal side of the embryo when a group of superficial 
epithelial bottle cells constrict apically creating an invagination on the dorsal side of the embryo 
known as the blastopore lip (12).  Vegetal rotation, the inward surge of deep vegetal endoderm 
cells (Figure 1, yellow arrows) drives involution of the dorsal bottle cells as well as the 
superficial equatorial mesoderm (Figure 1, red arrows) (10).   At the onset of gastrulation a 
fibronectin (FN) matrix is assembled across the blastocoel roof (BCR) (13).  The leading edge of 
the involuted mesoderm (mesendoderm) migrates directionally along the FN matrix towards the 
animal pole (14).  The directionality of mesendoderm migration stems from a planar polarity 
signal emanating from the vegetal endoderm cells (15).   
Subsequent to involution, the axial mesoderm converges towards the midline and extends 
towards the anterior of the embryo (Figure 1, green).  Convergent extension (CE) is driven by the 
mediolateral intercalation of cells resulting in axial extension (9).  The cell movements of CE are 
directional, and cells acquire polarity cues before the initiation of intercalation (16).  Prior to CE, 
axial mesoderm cells are irregular in shape and exhibit random protrusive activity (Figure 2a) 
(16).  At the onset of CE cells become bipolar, displaying medial and lateral lamellar protrusions 
(Figure 2b).  The mesoderm cells then use these lamellar protrusions to crawl past each other 
using the surface of neighboring cells for traction (16, 17). The tension created by the cells 
pulling on their neighbors results in further cell elongation along the mediolateral axis (17).  At 
the mid-gastrula stage, Stage 11.5,  the FN rich notochord-somite boundary (NSB) forms (Figure 









Figure 2.  Mediolateral Cell Intercalation.  Before convergent extension (CE) begins mesoderm cells 
are unpolarized and randomly protrusive (a).  Lamellar protrusions become isolated to the mediolateral 
ends at the onset of CE and exert traction on adjacent cells.  As a result the cells pull past one another 
intercalating toward the midline with the resulting tension causing an elongate cell shape (b).  The 
notochordal somatic boundary (NSB) begins to form at the late midgastrula stage (c).  The NSB matures 
as lamellopodial protrusion ceases and cells flatten at the NSB (d).  The axial mesoderm continues to 
intercalate eventually bringing all cells into contact with the NSB and causing elongation of the 








Cells in the notochord and pre-somitic mesoderm continue to undergo mediolateral intercalation 
between the tissue boundaries resulting in thinning of the tissue mediolaterally and extension of 
the anterior/posterior axis (Figure 2e) (16, 19).  
In the animal hemisphere, the ectoderm spreads through epiboly to encompass the 
embryo surface (Figure 1, blue).  Epiboly occurs as deep cells intercalate normal to the embryo 
surface thinning to a single layer.  In this way the BCR is thinned resulting in a circumferential 
vegetal spreading of the ectoderm (16).  The molecular mechanisms behind radial intercalation 
remain uncharacterized however, they require both cell polarization and contact of the deep cells 
with the FN matrix on the BCR (20). 
The directional cell movements that ultimately drive gastrulation require the 
establishment and manifestation of cell polarity.  Xenopus laevis embryos are a preferred model 
for the study of the morphogenetic movements which drive gastrulation because of their large 
size and rapid development.  Furthermore, explanted tissues from Xenopus embryos will reiterate 
the complex morphogenetic movements, allowing both external and deep cell movements to be 
observed (21).  While the individual cell movements and the consequent tissue rearrangements 
have been extensively characterized in Xenopus the molecular mechanism regulating polarity 
remains unknown.    
 
1.2 Cell Polarity 
Cell polarity can be described in reference to the orientation of the organelles and 
cytoskeleton of an individual cell, or as the orientation of a cell with respect to its neighbors.  
Molecular analysis of these two forms of polarity identified two distinct signaling cassettes.  
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Coordination of polarity with respect to neighboring cells is regulated by planar cell polarity 
(PCP) signaling and is essential to embryogenesis.  First characterized in Drosophila the PCP 
cassette includes Dishevelled (Dsh), Frizzled (Fz), Vang-gogh (Vang), Prickle (Pk) and Diego 
(Dgo) proteins (3).   PCP signaling has been extensively studied in Drosophila and is responsible 
for orientation of wing hairs, ommatidia in the eye, as well as sensory bristles (22).  In mammals 
a similar system was identified (often referred to as the non-canonical Wnt pathway) and 
regulates orientation of auditory stereocilia and epithelial hairs (3).  PCP signaling has also been 
identified in Xenopus and plays unidentified roles in conditioning of the FN matrix as well as CE 
(8, 23, 24).  Coordination of polarity across tissues was initially considered separate from 
individual cell polarization.  However, recent investigations have found that the PCP cassette 
demonstrates convergent signaling with individual cell polarity.  Individual cell polarity is 
mediated through a family of proteins known as the PAR proteins (see section 1.3 below).  PAR-
1 has been shown to regulate Dsh and aPKC function and interacts with Vang2 (25, 26).  These 
interactions may indicate that polarity whether in sheets of cells or in isolated cells stems from 
the same basic signaling cassettes.   
 
1.3 PAR Mediated Cell Polarity 
1.3.1 Polarization of the C. elegans Zygote 
The partitioning defective (par) genes were initially identified in Caenorhabditis elegans 
through maternal-effect mutations disrupting polarization of the first zygotic cleavage. The par 
genes encode the six PAR proteins which make up a set of cortically enriched signaling and 
scaffolding proteins.  PAR-1 and PAR-4 are serine-threonine kinases, PAR-5 is a member of the 
14-3-3 protein family which binds phosphoserine residues, PAR-3 and PAR-6 are scaffolding 
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proteins, and PAR-2 is a RING finger protein involved in protein ubiquitination (1, 27, 28)  
Mutation of the pkc-3 gene, which encodes an atypical protein kinase C (aPKC), also resulted in 
a loss of polarized division and as a consequence aPKC is included in the par cassette (29).   
The PAR proteins generate asymmetry in the C. elegans oocyte through the formation of 
polarized domains at the anterior and posterior cortex of the oocyte (Figure 3) (1, 30).  Prior to 
fertilization the C. elegans oocyte is unpolarized and the PARs are expressed throughout the 
oocyte.  PAR-3, PAR6, and aPKC are enriched at the cell cortex, while the remaining PARs are 
present mostly in the cytoplasm.  Oocyte symmetry is broken upon fertilization through a cue 
given by the male centrosome defining the prospective posterior of the zygote (31).  The polarity 
cue results in down-regulation of cortical contraction at the posterior of the zygote creating an 
anterior cortical flow (31).  The cortically enriched PAR-3/PAR-6/aPKC clears from the non-
contractile posterior cortex, moving with the anterior flow, and is replaced by PAR-1 and PAR-2 
(31).   
 
 
Figure 3.  PAR localization in the C. elegans zygote.  Distinct domains are formed through the 
segregation of PAR3/PAR6/aPKC to the anterior cortex (red) and PAR-1/PAR-2 to the posterior cortex 
(yellow).  These domains are then maintained through mutual antagonism between the anterior and 
posterior PARs.  PAR-4 and PAR-5 remain uniformly distributed and aid in maintenance of the two 




PAR-3, PAR-6 and aPKC define the anterior domain while PAR-1 and PAR-2 define the 
posterior domain.  The separate domains are stabilized and maintained through antagonistic 
kinase activity between the anterior and posteriors PARs.  In the posterior PAR-1 phosphorylates 
PAR-3 while aPKC phosphorylates PAR-1 at the anterior (1, 29).  PAR-5, which remains 
distributed symmetrically, is responsible for the binding and removal of phosphorylated proteins 
(1).  The antagonism between the opposing PARs is essential to the maintenance of the anterior 
and posterior domains and removal of either set of PARs results in the loss of polarity.  In the C. 
elegans embryo the manifestation of cell polarity is the segregation of determinants as well as 
displacement of the mitotic spindle towards the posterior.  The subsequent cleavage is 
asymmetric creating two unique daughter cells with distinct fates.   
 
1.3.2 The PAR Complex 
The anterior PARs (PAR-3, PAR-6, and aPKC, hereafter referred to as the PAR complex) 
co-localize and form a signaling complex with each member having a clearly defined role 
(Figure 4).  PAR-3 and PAR-6 are scaffolding proteins and aPKC is the catalytic member of the 
complex phosphorylating target molecules (27).  Atypical PKC possesses a PB1 scaffolding 
domain which constitutively binds PAR-6 through binding of the PB1 domain in PAR-6 (27, 30).  
PAR-6 then functions as an adapter scaffold linking aPKC to other members of the complex.   
PAR-6 also contains a PDZ domain responsible for recruitment of targets for aPKC 
phosphorylation including Crumbs (Crb) and the Lethal giant larvae (Lgl) which are downstream 
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regulators of cell polarity (32, 33).  Furthermore, PAR-6 recruits PAR-3 to the PAR complex 
through interaction of the PDZ of PAR-6 with the PDZ1 domain of PAR-3 (34).   
 
 
Figure 4.  The PAR Complex.  PAR-3, PAR-6, and aPKC associate to form a polarity complex.  PAR-6 
and aPKC interact through their PB1 domains, while PAR-3 and PAR-6 associate through PDZ domains.  
PAR-3 recruits aPKC phosphorylation targets through the PDZ domains, and is a target itself for aPKC 
phosphorylation at its aPKC binding domain (aPKCBD).  Adapted from Macara, 2004. 
 
PAR-3 is a multi-PDZ scaffolding protein responsible for targeting the PAR-complex to 
the cell cortex.  This targeting is mediated by the second PDZ domain of PAR-3 which has a 
high affinity for membrane phospholipids (35).  Oligomerization of PAR-3, mediated through 
the N-terminal CR1 domain, results in higher-order scaffolds and enhanced recruitment of the 
PAR complex to the membrane (35, 36).  The PAR-3 scaffold then recruits downstream effector 
molecules such as the lipid phosphatase PTEN (phosphatase and tensin homolog), which 
associates with the third PDZ domain of PAR-3 (35, 37), as well as further phosphorylation 
targets for aPKC including the Rac-specific nucleotide exchange factor (Rac-GEF) Tiam1 and 
the endocytic adapter protein Numb (37–40).  PAR-3 itself is a target for aPKC and when 
phosphorylated PAR-3 dissociates from the PAR complex. This release frees the first PDZ 
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domain of PAR-3 from PAR-6, allowing this domain to mediate interaction with the adhesion 
molecules JAM (junctional adhesion molecule) and nectin, as well as the cytoskeletal motor 
protein dynein (41–44).   
Regulation of aPKC is mediated in part by its zinc finger motif as well as through 
activation by CDC42 (30, 42). PAR-6 contains a semi-CRIB (CDC42/Rac-interactive binding) 
motif which binds CDC42 allowing for CDC42 activation of aPKC (42).  The PAR complex is 
highly conserved and the scaffolding properties of PAR-3 and PAR-6 combined with the 
catalytic activity of aPKC allow the PAR complex to regulate multiple effector pathways 
including spindle orientation, epithelial junction formation, endocytosis, and the actin 
cytoskeleton (45).   
 
1.3.3 Epithelial Polarity 
Cell polarization is essential to the structure and function of epithelia.  Epithelial cells are 
bound together through tight junctions and adherens junctions to form epithelial sheets that act as 
physical and molecular barriers.   The tight junctions are formed at the apical/lateral surface and 
define the boundary between the apical and basolateral membrane domains.  The PAR proteins 
play essential roles in establishing and maintaining epithelial cell membrane domains.   
In mammalian cells epithelial polarization is initiated by cell-cell contact.  Adhesion 
molecules of the nectin family along with junctional adhesion molecules (JAM) accumulate at 
the cell-cell contact region and form intercellular adhesions (31, 46).  PAR-3 is then recruited to 
adhesion sites through interactions mediated via its first PDZ domain and nectins or JAM (29, 
31, 46).  PAR-3 in turn recruits E-cadherins through the third PDZ domain to the forming 
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nascent adherens junctions (47). This results in CDC42 activation by E-cadherin and subsequent 
recruitment of activated aPKC and PAR-6 (1, 27).  The activated PAR-6/aPKC complex recruits 
the Crumbs complex, consisting of Crumbs (Crb), and the scaffolding proteins PALS1 and PATJ 
and together they define the apical membrane (1, 31).  Subsequently, PAR-1 and the Scribble 
complex consisting of Discs large (Dgl), Scribble (Scrib) and Lethal giant larvae (Lgl), are 
localized to the basolateral membrane (31, 48).     
Once the apical/basolateral membrane domains are established the PAR-6/aPKC/Crb and 
PAR-1/Scrib complexes maintain the integrity of these domains through mutual antagonism 
(Figure 5).  In the apical domain PAR-1 is phosphorylated by aPKC.  This creates a binding site 
for PAR-5 which binds PAR-1 and removes it from the apical membrane (1).  Lgl is similarly 
phosphorylated by active aPKC preventing Lgl association with the apical cortex (49).  
Conversely, in the basolateral domain Lgl binds aPKC/PAR-6 resulting in its inactivation and 
removal from the membrane (50).  PAR-1 also phosphorylates PAR-3 creating a PAR-5 binding 
site and inhibiting basal PAR-3 localization (1, 51).  Activated aPKC phosphorylates PAR-3 
resulting in its dissociation from the PAR complex and exclusion from the apical domain (27)  
The antagonism of both aPKC and PAR-1 against PAR-3 segregates PAR-3 into a band at the 
boundary between the apical and basolateral domains.  Here PAR-3 stabilizes tight junction 
formation through sequestering the Rac-GEF Tiam1 (37).  The sequestering of Tiam1 prevents 
its activation by aPKC resulting in lowered Rac activity and stabilization of cortical actin fibers 








Figure 5.  Epithelial Polarization.  The PARs work together with the Crumbs (Crb) and Scribble (Scrib) 
complexes to generated the three unique epithelial domains: apical (red), junctional (green), and 
basolateral (blue).  The apical domain is defined by the Crb complex along with PAR-6 and aPKC, while 
the basolateral domain is defined by PAR-1 and the Scrib complex.  PAR-3 is responsible for the 
recruitment of junctional molecules and defines the junctional membrane domain at the apical/lateral 
boundary.  The separate domains are maintained through antagonism between the polarity complexes.  







1.3.4 Polarized Cell Migration 
Cell migration is an essential behaviour in most cells types.  Migrating cells are polarized 
with a protrusive front end and retracting rear.  This polarized phenotype is regulated through the 
cytoskeleton.  Migrating cells display two defining morphologies: orientation of the centrosome 
in the direction of migration and the formation of membrane protrusive activity at the front end.   
In astrocytes, after initiation of migration PAR-6 and aPKC are recruited to the leading 
edge by activated CDC42.  CDC42 subsequently activates aPKC which in turn phosphorylates 
and inactivates GSK-3β.  The result of this phosphorylation is a clustering of APC at 
microtubule plus ends orienting the centrosome and promoting microtubule (MT) outgrowth 
towards the leading edge (33).  In astrocytes cell polarization appears to be mediated primarily 
through the MT cytoskeleton and PAR-3 does not localize to the leading edge and instead 
remains at cell-cell contacts where it maintains centrosome positioning (44).  PAR-3 binds the 
motor protein dynein, which generates tension through the MTs that orient the centrosome (44).      
In migrating fibroblasts polarized protrusive activity is mediated by PAR complex 
regulation of the Rac/Rho pathway GTPases.  In these cells the PAR complex is localized to the 
protrusive front end of migrating cells.  PAR-3 then recruits Tiam1 to the leading edge where it 
is activated by aPKC, resulting in accumulation of active Rac at the leading edge (52).  Rac 
activity stimulates lamellopodial formation at the front end (53).  The PAR complex also 
recruitments Smurf1, a ubitquitin ligase, to the leading edge where it promotes degradation of 
RhoA preventing actin contraction at the front end (52, 54).  This results in accumulation of 








Figure 6.  The PAR complex in cell migration.  The PAR complex orients the microtubule organizing 
centre (MTOC) and regulates protrusive activity during cell migration.  MTOC orientation is regulated 
through aPKC phosphorylation and subsequent inactivation of GSK-3β.  APC then associates with Dlg at 
the leading edge where it stabilizes microtubules.  The PAR complex also recruits and activates Tiam1 at 
the leading edge resulting in Rac activation and up regulation of protrusive activity.  Adapted from 




1.4 PARs in Xenopus 
 
The highly conserved nature of the PAR proteins and their ubiquitous role in cell 
polarization makes them key candidates for the molecular mechanism underlying convergent 
extension in Xenopus laevis.  PAR-1 and PAR-6 are expressed throughout Xenopus 
development, and PAR-3 and aPKC have only been described in the mature oocyte (55–57).  
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Roles for the PAR proteins have been described in functional assays that evaluate the cell 
movements of CE.  Explants isolated from the animal pole of the blastula stage embryo (Animal 
cap) will elongate by CE when treated with activin.  Animal caps taken from embryos over-
expressing PAR-1, PAR-6, rat PAR-3, aPKC or a dominant negative aPKC failed to extend 
when treated with activin.  Similar results were obtained in animal caps when PAR-1 or PAR-6 
were knocked down with morpholinos (58).  The similar effects observed with either over-
expression or knockdown indicates balanced expression of PAR-1, PAR-6 and aPKC is required 
for control of CE movements.  This indicates critical roles for PAR proteins in regulating 
convergent extension during Xenopus gastrulation. 
 
1.5 Experimental Objectives 
The tissue rearrangements that occur during Xenopus development require polarized cell 
movements.  With evidence that the PAR proteins are likely involved in this polarization, the cell 
movements during Xenopus gastrulation provide a good in vivo model for describing the 
functional role of PAR-3.  The aim of this study is to provide an initial characterization of the 
role PAR-3 plays in early Xenopus development.  Previous studies of PARs in Xenopus have 
focused on PAR-1, PAR-6 as well as aPKC and little is known about Xenopus PAR-3.  The 
approach I used to address the function of Xenopus PAR-3 was to isolate a species-specific 
cDNA, and generate constructs that lack the conserved functional domains described in 
mammalian PAR-3 (see Section 2.1). The deletion constructs were then tagged with GFP and 
localization was observed in Xenopus A6 cells.  Domain function was correlated with sub-
cellular localization using functional assays (Scratch and Calcium switch assays) in A6 cells. The 
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GFP tagged constructs were then over-expressed in embryos and sub-cellular localization was 
correlated with developmental defects in polarized cell movements. This approach allows me to 





Materials and Methods 
 
2.1 Cloning and Mutagenesis 
2.1.1 Initial Cloning of PAR-3 
A full length Xenopus laevis PAR-3 cDNA EST was obtained as an Image Consortium 
clone from Open Biosystems (Waltham MA, Accession# NM_001092545, Clone ID:5084932).  
The protein coding sequence was isolated using hot-start PCR and Pfu polymerase (Fermentas, 
Burlington, ON).  Briefly, a 50µL reaction was prepared containing 20ng of the PAR-3 EST, 
100ng Forward Primer, 100ng Reverse primer (Table 1), 0.2mM dNTPs (Fermentas, Burlington, 
ON), and 1xPfu buffer with MgSO4 (supplied by the manufacturer).  The forward and reverse 
primers were designed to include EcoRI and XbaI restriction enzyme consensus sites.  The PCR 
was conducted with a two minute hot start at 95°C after which 2.5u Pfu polymerase (Fermentas, 
Burlington, ON) was added then 28 cycles of:  30 sec at 95°C, 30 sec at 50°C, 7 min at 68°C.  
An additional five minutes at 68°C was included at the end of the last cycle.  The PCR product 
was digested with EcoRI and XbaI restriction enzymes (Fermentas, Burlington, ON).  The 
restriction digest was separated on a 1% TAE agarose gel (59) containing 0.2µg/mL ethidium 
bromide and the band representing the PAR-3 cDNA isolated using an illustra GFX PCR DNA 
and Gel Band Purification kit (GE Healthcare, Baie d’Urfe, QC).   
The PAR-3 coding sequence was ligated for two hours at room temperature into 
Bluescript SK II (+) (Agilent Technologies Canada Inc., Mississauga, ON), previously digested 
with EcoRI and XbaI, using 200u T4 DNA ligase (Fermentas, Burlington, ON).  The ligated 
product was then transformed into competent XL-1 Blue E. coli (60).  Briefly, XL-1 Blue were 
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thawed on ice and 250ng of the ligated plasmid was added.  The samples were mixed gently and 
incubated on ice for 10 minutes.  The samples were then heat shocked for 45 sec at 42°C and 
replaced on ice for two minutes.  Luria broth (LB: 5g Tryptone, 2.5g Yeast extract, 5g NaCl in 
500mL H2O) was added to the samples (300µL) and they were placed on a shaker at 37°C for 30 
minutes.  The bacterial mixture was spread onto two LB agar plates containing 50µg/mL 
ampicillin one with a low cell density (50µL) and one with a high cell density (250µL).  Cultures 
were incubated overnight at 37°C.  Two positive colonies were then selected and inoculated in 
LB containing 50µg/mL of ampicillin and placed on a shaker at 37°C overnight.  The plasmid 
was isolated from the bacterial culture using a High-Speed Plasmid Mini Kit (FroggaBio, 
Toronto, ON) according to the instructions provided.  The isolated plasmid was run on a 1% 
TAE agarose gel, as previously described, to determine DNA concentration.  The PAR-3 
Bluescript plasmid (XPAR-3 BS) was digested with EcoRI and XbaI and the digest separated on 
a 1% TAE agarose gel to confirm the presence of insert. 
 
2.1.2 Mutagenesis of PAR-3 
The XPAR-3 BS construct was then used to create the deletion constructs described 
below (Figure 7).  To create the ∆CR1 construct, the sequence that encodes the N-terminal 50 
amino acids was removed from PAR-3 coding sequence using the ∆CR1 forward primer and 
PAR-3 reverse primer (Table 1). The mutagenesis was carried out using standard techniques (59) 
and the PCR was conducted with a combination of 0.25u Pfu and 5.0u Taq polymerase 
(Fermentas, Burlington, ON).   The PCR was conducted as described in Section 2.1.1 using the 
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following cycles: 30 sec at 95°C, 30 sec at 45°C, 3 min at 72°C.  An additional five minutes at 
72°C was included at the end of the last cycle.    
The ∆PDZ1-3 constructs were created through inverse PCR according to standard 
protocols (61) using the corresponding primers described in Table 1.  The ∆PDZ1 construct 
contains a deletion of bp 634-915 of the PAR-3 coding sequence, encoding aa 212-305.  The 
∆PDZ2 construct contains a deletion of bp 1216-1458 of the PAR-3 coding sequence resulting in 
deletion of aa 406-486.  Lastly, ∆PDZ3 contains a deletion of bp 1621-1881 of the PAR-3 coding 
sequence, deleting aa 541-627.  Following the PCR reaction the template was removed from the 
reaction using DpnI (Fermentas, Burlington, ON).  The digested samples were separated on a 1% 
TAE agarose gel and the band representing the deletion construct was purified as outlined in 
Section 2.1.1.  One hundred and fifty nanograms of the purified deletion constructs was 
phosphorylated using 10u T4 Polynucleotide Kinase (PNK) (Fermentas, Burlington, ON), with 
1mM ATP, and 1xPNK Reaction Buffer A (10x stock provided by manufacturer).  The samples 
were incubated at 37°C for 30 minutes then heated to 70°C for 10 minutes before being purified 
using a Gel/PCR DNA Fragments Extraction Kit (FroggaBio, Toronto, ON).  The purification 
was conducted according to the instructions provided and the DNA eluted from the column using 
22µL of sterile water.  The samples were then run on a 1% agarose gel to determine the 
concentration and 100ng of each sample was ligated overnight at 14°C then transformed into 









Site directed mutagenesis (62) was used to alter the aPKC phosphorylation site by 
replacing the adenine and guanine residues of the AGC codon (bp 2329-2331) with guanine and 
cytosine residues respectively.  This point mutation changes the encoded amino acid, serine 777, 
to an alanine.  The PCR reaction was carried out as described for the ∆PDZ mutations using the 
S777A primers described in Table 1.  The PCR product was digested with DpnI to remove 


















Figure 7. PAR-3 Constructs.  Illustration of full length PAR-3 and PAR-3 deletion and point mutation 
constructs.  PDZ domains are shown in red and conserved regions (CR) are shown in blue.  Point 





Table 1. PCR Primers 
Construct DNA Primer Sequence Location (bp) 
PAR-3 For 5’ GCGGAATTCATGAAGGTGACG 3’ 
Rev 5’ GGGTCTAGACTACCTGTCACAGGTGAAGG 3’ 
1-12 (5’EcoRI site) 
3202-3222(5’XbaI site) 
∆CR1 For 5’ GCGGAATTCATGCGTTTGGAACATGGTGACGG 3’ 
Rev 5’ GGGTCTAGACTACCTGTCACAGGTGAAGG 3’ 
148-167 (5’EcoRI site) 
3202-3222(5’XbaI site) 
∆PDZ1  For 5’ CCCGTGATCTGGTTCCACGTGGTCCC 3’ 
Rev 5’ AGCATGGCCGACAGGTTCCACTCGGCT 3’ 
916-941 
607-633 
∆PDZ2 For 5’ CGAAGCACCAAGATGGACGGAGCAG 3’ 
Rev 5’ ACTGTTGGTGGGGGAGTTGACTGCACGC 3’ 
1459-1483 
1189-1215 
∆PDZ3 For 5’ AGAGGGATGATCCAGCTAATTGTGGC 3’ 
Rev 5’ CTCCCGTGTTCCATCTGGAGTCAATAC 3’ 
1882-1907 
1594-1620 
S777A For 5’ GGGTTTGCCCGCCAAGCCATGTCCGAAAAACGC 3’ 
Rev 5’ GCGTTTTTCGGACATGGCTTGGCGGGCAAACCC 3’ 
 
2314-2346 
*Start codons are shown in yellow and the point mutation is indicated in red. 
 
2.1.3 Subcloning 
The PAR-3 coding sequence and ΔCR1 construct were isolated by PCR and digested 
using EcoRI and XbaI restriction enzymes as outlined in Sections 2.1.1 and 2.1.2.  The ΔPDZ1-3 
and S777A coding sequences were digestion from corresponding BS plasmids with EcoRI and 
XbaI restriction enzymes as described.  The plasmid was then further digested using ScaI before 
the sample was run on a 1% TAE agarose gel.  The bands corresponding to coding sequences of 
the mutated constructs were purified from the gel.  The digested PCR products were ligated 
(Section 2.1.1) into the CS2GFP-N1 vector (Figure 8, gift from J. Miller, University of 
Minnesota) that had been previously digested with EcoRI and XbaI.   The ligated samples were 
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Figure 8.  CS2GFP-N1 Plasmid.  The CS2GFP-N1 plasmid was used to generate N-terminal GFP-
tagged constructs.  The coding sequences of the PAR-3 constructs were directionally cloned into the 
EcoRI (yellow) and XbaI (green) sites.  Plasmid was a gift from Jeff Miller, University of Minnesota. 
 
 
2.2 Generation of in vitro transcripts 
The PAR-3 constructs in pCS2GFP-N1 were used as templates for in vitro transcription.   
Briefly, the plasmids were linearized with NotI (Fermentas, Burlington, ON) and purified using a 
Gel/PCR DNA Fragments Extraction Kit (Section2.1.2).  A 50µL transcription reaction was then 
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prepared containing 2.5µg of plasmid template, 1mM ATP, 1mM CTP, 1mM UTP, 0.1mMGTP, 
1mM G(5’)ppp(5’)G RNA Cap Structure Analog (New England Biolabs Inc., Pickering, ON), 
500u Sp6 RNA polymerase and 1xSP6 Buffer (New England Biolabs Inc., Pickering, ON).  The 
reaction was incubated at 40°C for 30 minutes then 2.5µL of 10mM GTP added and incubation 
continued for an additional hour.  The template was removed by addition of 1.5u of RNase free 
DNase I (Fermentas, Burlington, ON).  The capped mRNA was purified using a MEGAclear Kit 
(Life Technologies Inc., Burlington,ON) according to the manufacturers recommendations. The 
purified RNA was precipitated with 5M ammonium acetate as described in the MEGAclear Kit 
procedure and the pellet was washed with 70% ethanol and resuspended in 25µL of sterile water.  
The mRNA was run on a 1% TAE agarose gel to estimate RNA integrity.   The mRNA purity 
and yield was measured using an Ultraspec 2100 pro spectrophotometer (GE Healthcare, Baie 
d’Urfe, QC) by measuring the absorbance at 260nm and 280nm.  Stocks of mRNA were diluted 
to 1ng/nL and kept in 2uL aliquots at -80°C.   
 
2.3 Temporal Expression of PAR-3 
RT-PCR was used to determine the temporal expression of PAR-3.  RNA was extracted 
from embryos at stage 2, 7, 8, 10.5, 12, 17, and 28, and cDNA generated by reverse transcription  
(gift from Bhanu Pilli) (63).  A PCR reaction was carried out using the ΔPDZ1 forward and 
ΔPDZ3 reverse primers to amplify a 704bp fragment of PAR-3.   The PCR reaction was prepared 
and run as described for ΔPDZ1-3 with the following alterations: 2uL cDNA was used as 
template, 1.25u Taq DNA polymerase was used along with 1xTaq buffer (supplied by 
manufacturer), the extension temperature was increased to 72°C, and the extension time 
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decreased to 45 seconds.  A sample containing no cDNA was also amplified as a template 
negative control.  The PCR was run for 18 cycles then 10uL of each sample was run on a 1% 
TAE agarose gel to determine the presence of PAR-3 RNA. 
 
2.4 Tissue Culture 
Xenopus A6 cells (ATCC# CCL-102) were maintained at room temperature in T70 flasks 
containing complete media (66% L-15 media (Sigma, Oakville, ON) supplemented with 10% 
fetal bovine serum (FBS, Wisent, St. Bruno, QC),  1% L-glutamine (Wisent, St. Bruno, QC),  
1% Pennicillin/Streptomycin (Wisent, St. Bruno, QC),  1% sodium pyruvate (Wisent, St. Bruno, 
QC)).  For transfection cells were plated on acid washed coverslips (64) in 60mm dishes and 
grown to 90-95% confluency.  One microgram of purified plasmid diluted in 50µL 66% L-15 
media was mixed with 1µL Lipofectamine 2000 (Invitrogen, Burlington, ON) diluted in 50µL of 
66% L-15 media and left at room temperature for 20 minutes.  The cells were transfected for 4-5 
hours in 66% L-15 media supplemented with 2% FBS.  The transfection media was then 
removed and fresh 2% serum media added.  Cells were transferred back to complete media after 
24 hours and cultured to confluent epithelial sheets. 
 
2.4.1 Scratch Assay 
Scratch assays (65) were used to estimate the sub-cellular compartmentalization of the 
GFP tagged PAR-3 constructs.  Briefly a pipette tip was used to scratch the confluent A6 cell 
sheets (Section 2.4) creating grid pattern wounds in the epithelial sheet.  The complete media 
was replaced to prevent resettling of the cells removed by scratching on the coverslips.  The cells 
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were cultured until migration was observed in the wounded areas (~2 h), then the coverslips were 
removed and adherent cells fixed with 4% paraformaldehyde diluted in 1xPhosphate-buffered 
Saline (PBS; 10xPBS(-); 130mM NaCl, 3mM KCl, 10mM Na2HPO4, 2mM KH2PO4), 
supplemented with 1mM CaCl2 and 1mM MgCl2 (PBS) for 15 minutes.  Coverslips were washed 
three times for 10 minutes with 1xPBS and stored in dishes containing 1xPBS at 4°C.  Before 
imaging, the cells were stained with rhodamine phalloidin to visualize actin (1/8, 20 min, 
Biotium, Hayward CA) and nuclei stained with bisbenzamide (2µM, 5 min).  Coverslips were 
mounted on slides with a drop of 30% glycerol and sealed with nailpolish.  The cells were 
imaged using a Zeiss Axiovert 200 inverted microscope (Zeiss, Toronto, ON) equipped with a 
Qimaging retiga EXi digital camera (Qimaging, Burnaby, BC).  The images were recorded using 
OpenLab software (PerkinElmer Inc, Waltham, MA). 
 
2.4.2 Calcium Switch Assay 
Calcium switch assays, adapted from Izumi et al 1998, were used to assess sub-cellular 
protein compartmentalization during cell polarization (66).   Briefly, complete media was 
removed from confluent cell cultures (Section 2.4) and replaced with media containing 4mM 
EGTA.  Cells were cultured in calcium depleted media until cells began to round (~2 h), then the 
media was replaced with complete media and the cells were cultured overnight.  Cells were fixed 
as described in Section 2.4.1, at three time points: prior to addition of the EGTA media 
(confluent epithelial sheet), after cell rounding (non-polar), and after culturing overnight in 




2.5 Xenopus embryos, microinjections and explants 
2.5.1 Raising embryos 
Xenopus laevis were purchased from Nasco (Fort Atkinson, Wisconsin) and housed in the 
Department of Biology Aquatic Facility at the University of Waterloo.  Females were pre-primed 
with 20u HCG (Chorulon; Intervet, Kirkland, QC) 5-10 days before spawning.  To induce 
spawning, females were injected subcutaneously with 600u of HCG.  Eggs were obtained 
manually and fertilized in vitro using standard methods (67).  The fertilized embryos were de-
jellied in 2% cystein hydrochloride (BioShop, Burlington, Ontario) in 0.1x Modified Barth’s 
Saline (MBS; 1X MBS; 88mM NaCl, 1mM KCl, 0.7mM MgSO4, 1mM HEPES, 5mM NaHCO3, 
0.1mM CaCl2,), pH 8.3.  Embryos were rinsed three times with deionized water to remove the 
cystein solution, rinsed in 0.1xMBS before being transferred to a 100mm petri dish.  Embryos 
were raised in 0.1xMSB and staged according to Nieuwkoop and Faber (1967). 
 
2.5.2 Microinjections 
Injections were performed using a Narishige IM300 pressure injector (East Meadow, NY) 
with glass microinjection needles, made using a Narishige PC-10 puller (East Meadow, NY).  
For injection embryos were transferred to 0.5xMBS containing 4% Ficoll (BioShop, Burlington, 
ON) and arranged on mesh.  The GFP-tagged mRNAs (described in Section 2.2) were injected 
into the marginal zone of the two dorsal blastomeres at the two or four cell stage.  Injections 
were carried out on a 14°C chilled microscope stage.  Following injection embryos were 
transferred to 0.1xMBS.  Embryos were imaged on a Zeiss Lumar V12 dissecting microscope 
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(Zeiss, Toronto, ON) with a Qimaging MicroPublisher 5.0 RTV digital camera (Qimaging, 
Burnaby, BC) using Zeiss Axiovision 4 software. 
 
2.5.3 Keller Explants 
Keller explants were taken from Stage 10 embryos as described in Harland et al. (68).  
Briefly, embryos were transferred to plasticine coated petri dishes containing Danilchik’s for 
Amy (69) (DFA; 49.5mM NaCl, 36.5mM gluconic acid sodium salt, 5mM Na2CO3, 4.5mM KCl, 
1mM CaCl2, 1mM MgSO4, 0.1%BSA, 6mM HEPES, pH 8.1) and the vitelline envelopes 
removed.  A dorsal section of the embryo was excised and mounted under a coverslip bridge in 
60mm petri dishes coated with 50mg/mL BSA in 1xPBS (Figure 10).  Explants were left to 
extend at 20°C then fixed for 2 hours in 3.7% formaldehyde in 1xMEMFA (10xMEMFA; 1M 
MOPS, 20mM EGTA, 1mM MgSO4, pH to 7.4), with the fix being refreshed after 1 hour.  
Explants were then washed three times for 10 minutes in 1xPBS and stored in 1xPBS.  Explants 
were mounted on slides and imaged using a Nikon Eclipse 90i confocal microscope fitted with a 
Nikon D-eclipse C1 scan head and recorded using Nikon EZ-C1 software (Nikon, Mississauga, 







Figure 9.  Keller Explants.  Explants are cut from embryos at Stage 10+ (A).  The cut section is then 
peeled back and removed by cutting below the blastopore lip (B).  The explants is then trimmed and any 
remaining head mesoderm is removed (C). Adapted from Sive et al, 2000 
 
2.6 Western Blot 
Western Blots were conducted according to standard protocols (59).  Five embryos 
injected with 1.5ng of mRNA were selected for each PAR-3 construct at Stage 12 and frozen in 
microfuge tubes at -80°C.  Embryos were lysed in Embryo Solubilization Buffer (ESB: 100mM 
NaCl, 50mM Tris pH 7.5, 1% TritionX, 2mM PMSF, 1xProtease inhibitor, EDTA, 1mM Sodium 
orthovanadate), incubated on ice for 10 minutes, centrifuged at 14000rpm for 20 minutes at 4°C.  
The soluble protein layer was transferred to a new tube and 20% 5x Loading Buffer (5X; 
312.5mM Tris-HCl pH 6.8, 1% SDS, 25% Glycerol, 0.015% Bromophenol Blue, 5% β-
mercaptoethanol) added before heating to 95°C for 5 minutes.  Approximately three embryo 
equivalents were loaded in each lane and separated by SDS-PAGE (59) gel using a Mini-Protean 
3 system (Bio-Rad, Mississauga, ON).  The protein was then transferred to a nitrocellulose 
membrane (GE Healthcare, Baie d’Urfe, QC) and the membrane was blocked overnight at 4°C in 
1xTBS containing 5% skim milk and 0.1% Tween-20.  The GFP-tagged PAR-3 constructs were 
detected using mouse anti-GFP primary (1/2000, Roche, Mississauga,ON, Cat. No. 
11814460001) and horse radish peroxidise (HRP) conjugated anti-mouse secondary antibody 
(1/3000, Jackson ImmunoResearch, West Grove PA, Code# 115035146).  Bands were visualized 
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using chemiluminescence (Solution 1: 2.5mM Luminol, 0.4mM p-cumaric acid, 100mM Tris-
HCl pH 8.5; Solution 2: 0.02% H2O2, 100mM Tris-HCl pH 8.5).  One milliliter each of Solutions 
1 and 2 was mixed and left on the blot for one minute before exposure to RXB x-ray film 









3.1 Cloning and Mutation of Xenopus laevis PAR-3 
PAR-3 has not previously been described in Xenopus laevis.  I obtained an EST clone of 
Xenopus PAR-3 from Image Consortium.  The amino acid sequence encoded by the Xenopus 
PAR-3 EST coding sequence (subsequently referred to as PAR-3) was compared to known PAR-
3 homologs and the percent identity (percent identical amino acids) and percent similarity 
(percent similar amino acids) were determined using the MacVector analysis suite (MacVector 
Inc., Cary, NC).  PAR-3 shared 62.3% identity and 70.2% similarity with human, 59.4% identity 
and 68.2% similarity with mouse, a 59.2% and 70.9% similarity with zebrafish, a 17.7% identity 
and 30.7% similarity with fly, and a 14.5% identity and 25.3% similarity with worm PAR-3 
proteins (Figure 10, A).  The evolutionary relationships were displayed as a dendrogram (Figure 
10, B) confirming that the vertebrate PAR-3s are more closely related than the invertebrate 
molecules.  I then aligned the amino acid sequence of Xenopus PAR-3 to the PAR-3 homologs to 
identify conserved functional domains.  Xenopus PAR-3 was found to contain a conserved N-
terminal region (CR1), three PDZ domains, as well as conserved sequence representing an aPKC 














Figure 10.  Comparison of Xenopus PAR-3 with known PAR-3 homologs.  The percent identity and 
percent similarity between Xenopus PAR-3 and known PAR-3 homologs is shown in A.  The 
evolutionary divergence of the Xenopus PAR-3 protein is shown in B.  The values indicate the relative 
divergence between species.  This data was generated by ClustalW alignment using MacVector software 

































Figure 11.  Alignment of Xenopus PAR-3 with known PAR-3 homologs.  Xenopus PAR-3 was aligned 
with PAR-3 homologs from H. sapiens, M. Musculus, D. rerio, D. melanogaster and C. elegans.  The N-
terminal conserved CR1 domain is highlighted in Blue.  The PDZ1 domain is highlighted in yellow, the 
PDZ2 domain is highlighted in red and the PDZ3 domain is highlighted in green.  The aPKC binding 
region (orange) is also conserved.  The aPKC phosphorylation site is indicated by .  This alignment 








3.2 PAR-3 is expressed throughout Xenopus gastrulation 
It has previously been shown that PAR-3 is present in the Xenopus oocyte as a maternal 
protein (57), however further expression of PAR-3 during Xenopus embryonic development has 
not been characterized.  I used RT-PCR to estimate the expression of PAR-3 during the early 
stages of Xenopus laevis embryogenesis.  Template cDNA was made from RNA isolated from 
embryos at the following stages of development; Stage 2: cleavage, Stage 7: early blastula prior 
to initiation of zygotic transcription, Stage 8: mid-blastula after initiation of zygotic transcription, 
Stage 10.5: early gastrula, Stage 12: late gastrula, Stage17: neurula, and Stage 28: early tadpole 
undergoing organogenesis.  I used the ΔPDZ1 forward and ΔPDZ3 reverse primers (Table 1) to 
amplify a 704bp fragment encompassing bp 916-1620 of the PAR-3 coding sequence.  The PAR-
3 maternal transcripts persist until zygotic transcription begins at mid-blastula transition at Stage 
7 (Figure 12, 2-7).  PAR-3 then continues to be expressed by the zygote throughout gastrulation 
(Figure 12, 10.5-12), neurulation (Figure 12, 17) and at the start of organogenesis (Figure 12, 







Figure 12.  Temporal expression of PAR-3.  PAR-3 is expressed throughout Xenopus development.  
RT-PCR was used to amplify a 704bp fragment of PAR-3 using cDNA obtained from key developmental 
stages (indicated along top of figure).  PAR-3 is expressed as a maternal transcript in the early blastula 
(Stages 2-7) then expressed as a zygotic mRNA after mid-blastula transition (Stage 8).  PAR-3 continues 
to be expressed during gastrulation (Stage 10.5-12) neurulation (Stage 17) and organogenesis (Stage 28).  
The first lane contains a λ/HindIII DNA ladder for size marker, with the bottom band corresponding to 
564bp (arrowhead). A sample containing no template cDNA was included as a negative control. 
 
 
3.3 Mutation of PAR-3 
Deletion constructs were created to assist in defining the roles of conserved domains 
found in Xenopus PAR-3.  Deletions were made using a PCR strategy.  The conserved N-
terminal region (CR1) has been identified as a self-oligomerization domain responsible for the 
formation of higher order PAR-3 scaffolds enhancing sub-cellular compartmentalization (36).  
The ΔCR1 construct (Figure 7) results in deletion of aa 1-50 completely removing this domain.   
Individual PDZ domains were then removed using inverse PCR (61).  The PDZ1 domain 
is responsible for interaction with PAR-6, JAMs 1-3, and nectins (27, 34, 43, 70, 71).  The 
ΔPDZ1 construct contains a deletion of aa 212-305 removing most of this domain (Figure 7).  
The PDZ2 domain has been identified as a phosphoinositol lipid binding site and is responsible 




removal of aa 406-486 removing the majority of this domain (Figure 7).  The PDZ3 domain 
interacts with PTEN and VE-cadherin is required for the maintenance of cell polarity (35, 37, 
47).  The ΔPDZ3 construct was generated through deletion of aa 541-627 removing the entire 
domain (Figure 7).   
Interactions between PAR-3 and aPKC are essential for the proper function of PAR-3 and 
are modulated through phosphorylation of the first conserved serine residue in the aPKC 
consensus sequence (72).  The S777A construct (Figure 7) was generated by altering serine 777 
(AGC) to an alanine (GCC) through site directed mutagenesis. This inhibits aPKC 
phosphorylation of PAR-3 and is expected to form a stable PAR-3/PAR-6/aPKC complex 
preventing interaction with other PAR-3 binding partners.  All constructs were tagged with an N-
terminal GFP and the mutations confirmed by sequencing (Appendix A). 
 
3.4 PAR-3 in Xenopus A6 cells 
3.4.1 Polarized localization of PAR-3 in epithelial cells 
Sub-cellular compartmentalization of PAR-3 has not been previously described in a 
Xenopus cell line.  A6 cells are a highly polarized Xenopus kidney epithelial cell line (73) that 
should provide a good model for the sub-cellular compartmentalization of PAR-3.  I therefore 
used A6 cells to test my PAR-3 construct ensuring that the N-terminal GFP tag did not alter 
PAR-3 localization as well as to characterize PAR-3 compartmentalization in a Xenopus system. 
As an initial characterization I looked at the localization of the PAR-3 construct in A6 
cells undergoing epithelial polarization.  Calcium switch assays depolarize cells through removal 
of calcium.  Without calcium epithelial adherens and tight junctions break down and cells detach 
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from their neighbors and become non-polar.  Upon re-addition of calcium, polarization can be 
observed as the cells re-form the epithelial junctions.  Using a Calcium switch assay the sub-
cellular compartmentalization was observed in non-polar cells, polarizing cells initiating 
epithelial polarity, and confluent epithelial sheets.  PAR-3 was not localized in the non-polar 
cells and was instead expressed uniformly throughout the cytoplasm (Figure 13, Non-polar).   
After re-addition of calcium to the culture media cells flattened and began to repolarize.  In these 
cells PAR-3 was concentrated at points of cell-cell contact (Figure 13, Polarizing).  This 
polarized compartmentalization of PAR-3 was then elaborated as a confluent epithelium formed 
and PAR-3 localized in a punctate pattern around the cell periphery at the maturing cell-cell 
junctions.  PAR-3 over-expression did not appear to inhibit the initiation of epithelial 
polarization, and the PAR-3 transfected cells were observed to be fully integrated into the 
confluent epithelial sheet.  These results demonstrate that the PAR-3 construct exhibits a 
polarized compartmentalization to sites of cell-cell adhesion in Xenopus A6 epithelia and this 
polarization is unaffected by the N-terminal GFP.  Furthermore, PAR-3 over-expression does not 






Figure 13. PAR-3 Localizes to cell-cell contacts in Xenopus A6 cells.  GFP-PAR-3 transfected Xenopus 
A6 cells were subjected to calcium switch.  Cells were fixed and stained with rhodamine phalloidin to 
visualize actin and nuclei stained with bisbenzamide.  PAR-3 is uniformly distributed in calcium deprived 
unpolarized cells (Non-polar).  Upon initiation of epithelial polarization PAR-3 was compartmentalized to 
sites on cell-cell contact (Polarizing).  This polarized compartmentalization was elaborated in the 
confluent epithelium and PAR-3 is present in puncta around the entire cell periphery (Confluent).  






3.4.2 Polarized localization of PAR-3 in migrating cells 
The sub-cellular localization of PAR-3 in migrating Xenopus A6 cells has not been 
previously described.  When a confluent sheet of A6 cells is wounded in a scratch assay cells at 
the wound edges undergo an epithelial to mesenchymal transition and migrate into the free space 
were they proliferate to repair the epithelial sheet.  In this situation epithelial cells have an 
apical/basal polarity while the migrating mesenchymal cells possess a front/rear polarity with a 
flattened and protrusive front edge, and a rounded rear end.   
 In the confluent epithelial sheets PAR-3 is localized in puncta around the cell periphery 
(Figure 14, Confluent).  Upon wounding PAR-3 was released from cell-cell contacts and 
observed to re-localize to the leading front end of migrating cells (Figure 14, Wound).  Cells 
within the epithelial sheet however, maintain PAR-3 compartmentalization at the cell periphery 
where other cells are attached (Figure 14, Arrows).  Together these results indicate that the sub-
cellular compartmentalization of PAR-3 in A6 cells is context dependant.  Furthermore over-
expression of PAR-3 does not inhibit migratory behaviour as cells were still observed to spread 












Figure 14.  PAR-3 localizes to the leading edge of migrating A6 cells.  GFP-PAR-3 transfected A6 
cells were cultured until confluent then subjected to a scratch assay.  Cells were fixed and stained for 
actin after migration was apparent at the wound edge.  PAR-3 is compartmentalized to the periphery of 
cells contained in the epithelial sheet (Confluent).  Cells at the wound edge exhibit enrichment of PAR-3 













3.5 PAR-3 localization in A6 cells requires multiple functional domains 
Cells transfected with the mutated PAR-3 constructs were used to define the roles of each 
domain in the polarized localization of PAR-3.  The localization of the mutated constructs was 
observed in both a calcium switch assay and scratch assay.  The polarized compartmentalization 
was compared to that seen with PAR-3 to determine domains required for localization.  The 
effect of domain removal on generation of polarized behaviours was also observed. 
 
3.5.1 The CR1 and PDZ1 domains of PAR-3 are required for membrane localization 
When cells expressing the ΔCR1 construct were subjected to a calcium switch the ΔCR1 
construct was found throughout the cytoplasm in non-polar cells (Figure 15, Non-polar).  This 
expression was unchanged when cells were allowed to polarize and ΔCR1 remained cytoplasmic 
in both the polarizing (Figure 15, Polarizing) and confluent epithelial cells (Figure 15, 
Confluent).  The cytoplasmic accumulation did not significantly alter cell behaviours and cells 
were still able to attach to neighboring cells and were fully integrated into a confluent sheet.  
ΔCR1 accumulated in the cytoplasm of migrating cells and was not enriched at the leading edge 
(Figure 16, Wound).  Over-expression of ΔCR1 did not inhibit formation of protrusions or 
migratory behaviour.  Similar results were observed for cells expressing the ΔPDZ1 construct.  
ΔPDZ1 was also unable to localize during the calcium switch assay and remained diffuse 
throughout the cytoplasm in non-polar (Figure 17, Non-polar), polarizing (Figure 17, Polarizing), 
and confluent (Figure 17, Confluent) cells.  Behaviours were also unchanged as cells were able 
to repolarize, recognize neighboring cells, and form a confluent epithelium.  The ΔPDZ1 
construct also failed to localize in scratch assays with it remaining cytoplasmic in both confluent 
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(Figure 18, Confluent) and migrating cells (Figure 18, Wound) with no enrichment at either the 
cell periphery or leading edge.  Migratory behaviour was similarly uninhibited by removal of the 
PDZ1 domain as protrusive activity was still observed at the leading edge.  Together these results 
indicate that the ΔCR1 and ΔPDZ1 domains are required for recruitment of PAR-3 to cell-cell 
contacts and its subsequent compartmentalization to the cell periphery as well as for PAR-3 





















Figure 15.  The CR1 domain is required for localization of PAR-3.  Xenopus A6 cells were transfected 
with GFP-ΔCR1, lacking the PAR-3 self-oligomerization domain, and subjected to a calcium switch.  
Removal of the CR1 region resulted in a loss of PAR-3 compartmentalization and expression is 
cytoplasmic in both depolarized (Non-polar), polarized and confluent cells (Polarizing, Confluent).  The 









Figure 16.  The CR1 domain is required for localization of PAR-3 in migrating cells.  Cells 
transfected with the CR1 construct were subjected to a scratch assay.  The CR1 construct was not 
compartmentalized in the epithelial sheet (Confluent) or in migrating wound edge cells (Wound).  Over-

















Figure 17.  The PDZ1 domain is required for PAR-3 recruitment to cell-cell contacts.   Xenopus A6 
cells were transfected with GFP-ΔPDZ1, in which the first PDZ domain has been deleted.  The PDZ1 
construct is diffusely expressed in the cytoplasm of non-polar cells (Non-polar) is not compartmentalized 
to cell-cell contacts (Polarizing) or epithelial junctions (Confluent).  Despite the failure in localization the 










Figure 18.  The PDZ1 domain is required for recruitment of PAR-3 to the leading edge.  In scratch 
assays the PDZ1 construct was expressed throughout the cytoplasm in both epithelial (Confluent) and 


















3.5.2 The PDZ2 domain of PAR-3 is not required for membrane localization 
ΔPDZ2 was able to localize in calcium switch assays.  It displayed uniform cytoplasmic 
expression in non-polar cells (Figure 19, Non-polar) then was observed to compartmentalize to 
cell-cell contacts as cells repolarized (Figure 19, polarizing).  The concentration of ΔPDZ2 at 
cell-cell contact sites appeared diminished when compared to the PAR-3 construct.  ΔPDZ2 also 
had a reduced accumulation at the cell periphery in confluent cells as compared to the PAR-3 
construct (Figure 19, Confluent).  Apical puncta were only visible between two cells expressing 
the GFP construct suggesting that accumulation in opposing membranes was required to resolve 
the fluorescence.  This suggests a lower efficiency of PAR-3 localization in the absence of the 
PDZ2 domain.  Cell behaviours remained unaltered and cells were observed to repolarize and 
form contacts with neighboring cells as well as integrate into the confluent epithelial sheet.  In 
scratch assays a diminished localization of ΔPDZ2 was also observed in the epithelial sheet, with 
localization only apparent in adjacent transfected cells. Migrating cells displayed enrichment of 
ΔPDZ2 at the leading edge also with a slightly diminished intensity (Figure 20, Wound).  
Protrusions were not inhibited by PDZ2 over-expression.  These results suggest that the PDZ2 
domain is not necessary for PAR-3 localization in either epithelial or migrating cells however, its 












Figure 19.  The PDZ2 domain is not necessary for PAR-3 localization in A6 cells.   Xenopus A6 cells 
transfected with GFP-ΔPDZ2 compartmentalized the construct when subjected to a calcium switch.  
PDZ2 is cytoplasm in depolarized cells (non-polar) and is recruited to cell-cell contact upon 
repolarization (Polarizing).  PDZ2 is compartmentalized in puncta at cell-cell contact regions between 
adjacent transfected cells in the epithelial sheet.  No effect was observed on the ability of transfected cells 










Figure 20.  The PDZ2 domain is not necessary for localization of PAR-3 in wounded A6 cells.  When 
subjected to a scratch assay ∆PDZ2 transfected cells were observed to migrate at the wound edge.  The 
∆PDZ2 construct was compartmentalized to regions of cell-cell contact in the epithelial sheet (Confluent), 
















3.5.3 The PDZ3 domain of PAR-3 is required for contact inhibition 
The ΔPDZ3 construct was unable to localize and was expressed throughout the 
cytoplasm of non-polar, polarizing and confluent sheets of A6 cells (Figure 21).  Also, removal 
of the PDZ3 domain resulted in a loss of contact inhibition in A6 cells.  When depolarized, cells 
were rounded a displayed uniform distribution of ΔPDZ3 (Figure 21, Non-polar).  Repolarizing 
cells were found to spread and failed to recognize neighboring cells resulting in cell overlap 
(Figure 21, Polarizing).  ΔPDZ3 expressing cells in the epithelial sheet displayed similar loss of 
contact inhibition as they overlapped adjacent cells (Figure 21, Confluent).  These cells also were 
unable to localize ΔPDZ3.  When wounded, the lack of contact inhibition persisted and cells 
crawled over adjacent cells in the epithelial sheet instead of spreading into the empty wound area 
(Figure 22, Wound).  ΔPDZ3 was also symmetrically expressed the wound edge cells.  These 
results suggest that the PDZ3 domain is integral to the generation of both epithelial and 














Figure 21.  The PDZ3 domain of PAR-3 is required for epithelial polarity.  Xenopus A6 cells were 
transfected with GFP-∆PDZ3.  The cells were depolarized (Non-polar) after transfection and the 
reformation of epithelial polarity observed.  Removal of the PDZ3 domain resulted in a loss of contact 
inhibition in repolarizing cells (Polarizing).  Transfected cells also overlapped in epithelial sheets 










Figure 22.  The PDZ3 domain of PAR-3 is required for wound healing.  Xenopus A6 cells were 
transfected with GFP-∆PDZ3 and cultured to confluent sheets.  The cells were depolarized (Non-polar) 
after transfection and the reformation of epithelial polarity observed.  Removal of the PDZ3 domain 
resulted in a loss of contact inhibition in repolarizing cells (Polarizing).  Transfected cells also overlapped 
















3.5.4 Removal of the aPKC phosphorylation results in hyper-accumulation 
The S777A construct exhibited a hyper-accumulation in the transfected cells.  In calcium 
switch assays it displayed a similar pattern to PAR-3 being uniform in the cytoplasm of non-
polar rounded cells (Figure 23, Non-polar), then collecting at cell-cell contacts in repolarizing 
cells (Figure 23, Polarizing), and compartmentalizing to the cell periphery in a punctate pattern 
in confluent epithelia (Figure 23, Confluent).  S777A localization was more concentrated than 
PAR-3, being strongly localized to cell-cell contacts or the cell periphery and little protein 
present in the cytoplasm. S777A over-expression did not inhibit repolarization and cells formed 
adhesive contacts with adjacent cells, nor did it inhibit epithelial formation.  The S777A 
construct was also observed to be hyper-accumulated in scratch assays with strong 
compartmentalization to the cell periphery in the epithelial sheet.  When cells were wounded, 
S777A was observed throughout the cytoplasm with enrichment at the leading edge (Figure 24, 
Wound).  The enrichment at the leading edge again appeared to be more intense then that 















Figure 23.  S777A in strongly localized to cell-cell contacts in Xenopus A6 Cells.  GFP-S777A was 
hyper-accumulated in Xenopus A6 cells.   Depolarized cells were observed to round and did not localize 
S777A (Non-polar).  Upon repolarization S777A was strongly localized to points of cell-cell contact 
(Polarizing).  It was then localized in puncta around the cell periphery in the confluent sheet (Confluent).  











Figure 24.  S777A localizes to the leading edge of wounded A6 cells.  Epithelial sheets containing 
S777A transfected cells were wounded in scratch assays.  S777A was hyper-accumulated in puncta at the 
cell periphery within the epithelial sheet (Confluent).  S777A was also hyper-accumulated to the leading 

















3.6 PAR-3 is required for convergent extension 
PAR-3 has not been previously characterized during Xenopus laevis gastrulation.  
Xenopus embryos were injected with 1.5ng of PAR-3GFP mRNA into the dorsal marginal zone 
to determine the requirement of PAR-3 during gastrulation.  Phenotypes were recorded at two 
time points: late gastrulation (Stage 12-12.5) and early tadpole (Stage 28) and classified into one 
of three categories at each stage, described below.  
 The progressive closing of the blastopore is an indicator of the progression of 
gastrulation.   Xenopus gastrula viewed at Stage 12-12.5 have small blastopores either round or 
teardrop in shape.  When gastrulation has been inhibited embryos are unable to internalize the 
yolk plug resulting in large open blastopores.   Stage 12 embryos were classified as either normal 
(indistinguishable from controls), delayed (exhibited uneven or slowed blastopore closure), or 
inhibited (large open blastopore).  Embryos over-expressing PAR-3 displayed delayed or 
inhibited blastopore closures (Figure 25a, C) when compared to uninjected embryos (Figure 25a, 
A).  Furthermore, GFP injected embryos closed their blastopores normally (Figure 25a, B) 
demonstrating that this effect was specific to PAR-3 and not a result of injection or over-
expression artifacts.  Embryos were then examined using fluorescence microscopy to confirm 
expression and targeting.  In GFP injected embryos expression was confined to the axial 
mesoderm, forming a distinct band along the dorsal side of the embryo (Figure 25a, D).  The 
observed narrowing of the injected mesoderm suggests that the tissue has converged.  PAR-3 
fluorescence was also observed on the dorsal side of the blastopore however, it was clustered at 





Figure 25a.  PAR-3 is required for convergent extension.  GFP-PAR-3 or GFP mRNA was injected 
into the dorsal marginal zone of early cleavage stage embryos.  Uninjected embryos developed normally 
(A,F,F’) as did GFP injected embryos at both late gastrula (B) and tadpole stages (G,G’).  Embryos 
overexpressing PAR-3 failed to close their blastopores (C).  PAR-3 injected tadpoles exhibited CE defects 
including no eyes (arrows), bent body axis (H) and exogastrulation (H’).  Expression was confirmed by 






Injected embryos were raised to early tadpoles (Stage 28) to confirm if convergent 
extension (CE) was inhibited.  Several defects in tadpole development are associated with a 
failure in CE.  The most common defect is a shortened and/or bent body axis. A lack of anterior 
features is also observed due to improper displacement of the mesendoderm responsible for 
inductive interactions in the anterior of the head.  Lastly, complete failure of CE can result in 
exogastrulation, where embryos fail to close their blastopores and the mesoderm and endoderm 
are not internalized.  Tadpole phenotypes were categorized as normal (indistinguishable from 
controls), moderate (lacking anterior structures, bent, or shortened), or severe (25% shorter than 
controls or exogastrula).  The majority of PAR-3 injected tadpoles were observed to be shortened 
or bent (Figure 25a, H) and often did not develop anterior features, such as eyes (Figure 25a, 
arrow).  PAR-3 injection also often resulted in exogastrulation (Figure 25a, H’).  PAR-3 
expression was confirmed through observation of fluorescence and was observed in the 
notochord and heads of affected tadpoles (Figure 25a, J,J’).  The majority of GFP injected 
tadpoles developed normally (Figure 25a, G,G’) with expression primarily present in the 
notochord and head (Figure 25a, I,I’).  This demonstrates that inhibition of tadpole development 
is also not a result of over-expression artifacts.  These results demonstrate that PAR-3 over-
expression inhibits convergent extension. 
  
3.7 The CR1 domain of PAR-3 is required for convergent extension 
With the knowledge that PAR-3 is required for gastrulation I next wanted to identify the 
domains required for PAR-3 function.  PAR-3 acts as a dominant negative, inhibiting 
gastrulation movements.  I expected that constructs lacking functional domains key to this 
 
 61 
process would rescue the defect and therefore exhibit normal phenotypes.  Each of the mutated 
PAR-3 constructs were over-expressed in the dorsal mesoderm of embryos as described for 
PAR-3.  Blastopore closure and tadpole phenotypes were then recorded as previously described.  
These results are summarized in Figures 26 and 27. 
Over-expression of the ΔCR1 construct resulted in normal blastopore closure (Figure 
25b, A). Moreover, GFP expression observed in the axial mesoderm indicated that convergence 
was occurring (Figure 25b, D).  The intensity of fluorescence was also observed to be less than 
that observed for the other constructs.  However, a Western blot confirmed equal expression of 
all injected constructs.  The majority of tadpoles injected with ΔCR1 were also uninhibited and 
development normally (Figure 25b, G,G’) with only a few tadpoles exhibiting minor anterior 
defects.  The expression of ΔCR1 was observed to be more dispersed than PAR-3 displaying 
broad mesodermal expression instead of being confined to notochord (Figure 25b, J, J’).  This is 
consistent with the expression seen in gastrula with both axial and lateral plate mesoderm being 
injected. The lack of inhibition seen with ∆CR1 over-expression suggests the CR1 domain is 
required for CE. 
  Embryos injected with the ΔPDZ1 construct exhibited either delayed or inhibited 
blastopore closure (Figure 25b, B).  The expression in the embryos was observed at the dorsal 
surface with some clustering at the blastopore suggesting a lack of convergence at the dorsal lip 
(Figure 25b, E).  The ΔPDZ1 injected tadpoles most commonly demonstrated severe convergent 
extension defects causing severely shorten body axes or exogastrulation (Figure 25b, H).  
Moderate phenotypes were also observed including bent backs and anterior defects (Figure 25b, 
H’ arrows).  ∆PDZ1 expression was again observed in the mesoderm often confined to head or 
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notochord (Figure 25b, K,K’).  The S777A construct also disrupted gastrulation resulting in 
delayed or inhibited blastopore closure as well as exogastrulating embryos (Figure 25b, C).  
Disruption of CE was indicated by the clustered expression at the dorsal lip of the blastopore 
(Figure 25b, F).  In tadpoles, S777A over-expression resulted mainly in exogastrulation (Figure 
25b, I’).  Shortened and bent tadpoles were also observed, as well as tadpoles without anterior 
structures (Figure 25b, I, arrows).  S777A was also expressed in the head or notochord of 
affected embryos (Figure 25b, L, L’).  Together, the phenotypes indicate that ΔPDZ1 and S777A 
both act as dominant negatives resulting in inhibition of CE.  This suggests that neither PAR-
3/PAR-6 binding nor aPKC phosphorylation of PAR-3 is required for CE.  
The ΔPDZ2 and ΔPDZ3 constructs were also over-expressed in embryos. The blastopore 
closures in these embryos displayed significant variation between spawnings.  ΔPDZ2 had no 
effect in some spawnings of embryos (Figure 28, ∆PDZ2 A) while causing exogastrulation in 
others (Figure 28, ΔPDZ2 B).  The ΔPDZ3 construct on the other hand demonstrated a weaker 
phenotype with delays in blastopore closure (Figure 28, ΔPDZ3 B) or normal closure (Figure 28, 
ΔPDZ3 A).  After repeated attempts I could not obtain consistent phenotypes with the ΔPDZ2 
and ΔPDZ3 constructs.  Due to this variability ΔPDZ2 and ΔPDZ3 were omitted from the 











Figure 25b.  The CR1 domain is required for convergent extension.  Xenopus embryos were injected 
with N-terminal GFP-tagged ΔCR1, ΔPDZ1 and S777A mRNA.  ΔCR1 over-expression did not inhibit 
gastrulation (A, G,G’).  ΔPDZ1 injected embryos exhibited delayed blastopore closure (B), due to failure 
of convergent extension (CE) demonstrated by short (K) and bent (K’) tadpoles lacking eyes (arrows).  
S777A over-expression also inhibited gastrulation resulting in open blastopores (C).  Tadpole over-
expressing S777A were shortened (I) or exogastrulated (I’) indicating a failure of CE.  Protein expression 









Figure 26.  The CR1 domain of PAR-3 is required for Xenopus gastrulation.  The degree of 
blastopore closure was grouped into three categories.  Normal embryos were identical to controls.  
Delayed embryos had uneven or enlarged blastopores.  Inhibited embryos had open blastopores.  PAR-3 
acted as a dominant negative, inhibiting or delaying blastopore closure.  ΔPDZ1 and S777A phenotypes 
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Figure 27. The CR1 domain of PAR-3 is required for Xenopus convergent extension (CE).  Tadpole 
phenotypes were binned into three categories.  Tadpoles identical to controls were considered normal.  
Bent or shortened body axes or no eyes were identified as moderate defects.  Tadpoles more than 25% 
shorter than controls, or which had exogastrulated were considered severely defected.  PAR-3 inhibited 

















Uninjected      
n=27 
GFP             
n=16 
PAR-3             
n=18 
ΔCR1           
n=22 
ΔPDZ1          
n=23 























Figure 28.  ΔPDZ2 and ΔPDZ3 phenotypes were inconsistent.  ΔPDZ2 and ΔPDZ3 were injected into 
the dorsal marginal zone of Xenopus embryos.  Over-expression effect was not determined as embryos 
















3.8 PAR-3 localizes to the cell membrane in Xenopus mesoderm cells 
PAR-3 organizes polarity through localization to specific cellular compartments.  I used 
Keller explants to determine if PAR-3 was localized in mesoderm undergoing convergent 
extension.  PAR-3 was observed to localize to the cell membrane and is enriched at the periphery 
of mesoderm cells (Figure 29, PAR-3 arrowheads).  Furthermore, there is no medial/lateral or 
anterior/posterior bias to this localization despite elongated cell shapes.   This localization was 
confirmed to be specific to PAR-3 as GFP does not localize to the cell membrane and is seen 
either in the nucleus or cytoplasm of mesoderm cells (Figure 29, GFP).  In summary, PAR-3 is 
localized to the cell membrane in the polarized mesoderm cells undergoing convergent extension 
in Xenopus embryos. 
 
3.9 The CR1 domain is required for localization of PAR-3 in mesoderm cells 
I then determined if there were specific domain requirements for the localization of PAR-
3 in embryos.  When expressed in the axial mesoderm the ΔCR1 construct did not localize to the 
membrane and was observed throughout the cell with a slight accumulation in the nucleus 
(Figure 30, ΔCR1).  This suggests that the CR1 domain is required for localization of PAR-3 to 
the cell membrane in Xenopus embryos.  The ΔPDZ1 and S777A constructs were both able to 
localize to the cell membrane in axial mesoderm cells are observed around the entire periphery 
of elongated mesoderm cells (Figure 30, ΔPDZ1 and S777A).  The PDZ1 domain and aPKC 
phosphorylation site are hence not required for membrane localization of PAR-3.  Together these 
results suggest that PAR-3 localization in mesoderm cells is dependent on oligomerization and 




Figure 29.  PAR-3 localizes to the cell membrane mesoderm cells.  Keller explants were taken from 
embryo over-expressing GFP-PAR-3 or GFP.  GFP did not localize in mesoderm cells and is present 












Figure 30.  The CR1 domain is required for PAR-3 localization.  Keller explants were taken from embryos injected with mRNA encoding the 
GFP tagged ∆CR1, ∆ PDZ1, or S777A construct to determine functional domains responsible for localization.  The ∆CR1 construct was unable to 
localize and is seen throughout the cell indicating the CR1 domain is required for localization.  The ΔPDZ1 and S777A construct were localized to 
the cell membrane in mesoderm indicating the PDZ1 domain and aPKC phosphorylation site are not required for PAR-3 localization in mesoderm 










4.1 Xenopus PAR-3 
A cDNA for Xenopus PAR-3 has not been previously described.  Sequencing of the EST 
(Accession# NM_001092545) confirms a full-length cDNA that represents the Xenopus laevis 
homolog of previously described mammalian PAR-3.  I will refer to the sequence and the 
corresponding protein as Xenopus PAR-3 in the discussion below.  Xenopus PAR-3 shares the 
same domain structure as other known PAR-3 proteins.  The N-terminal conserved region (CR1), 
three PDZ domains and an aPKC binding consensus sequence are present in the Xenopus 
sequence and the order and spacing of these domains is conserved.  The overall amino acid 
similarity between Xenopus and mammalian homologs was 70%, but ranges from 93-100% 
within the conserved domains (CR1 96%, PDZ1 98%, PDZ2 96%, PDZ3 100%, aPKC 
consensus sequences 93%).  This suggests that these functional domains are highly conserved 
but the intervening sequences are not.  It is therefore likely that the described binding partners of 
these domains are also conserved in Xenopus.  Deletion constructs were then created removing 
each of the conserved domains (Figure 7).  The deletions were confirmed by sequencing and 




4.2 PAR-3 is expressed throughout Xenopus development 
Using RT-PCR I characterized the temporal expression of PAR-3 during early Xenopus 
development (Figure 13).  Like most protein coding genes in Xenopus, PAR-3 is expressed as a 
maternal transcript in the cleavage and blastula stage embryo up to midblastula transition (74).  
Previously maternal expression of PAR-3 was described in the Xenopus oocyte where PAR-3 
was found to be isolated to the animal pole (57).  My results confirm this maternal expression of 
PAR-3.  Xenopus PAR-3 is then continuously expressed through zygotic transcription throughout 
gastrulation, neurulation and organogenesis.  These results are similar to the expression patterns 
previously described for PAR-3 in other organisms (75–78) where PAR-3 is expressed 
constitutively and ubiquitously throughout development.  This broad temporal and spatial 
expression pattern suggests that Xenopus PAR-3 plays pleiotropic roles during embryogenesis.    
 
4.3 PAR-3 in A6 cells 
4.3.1 PAR-3 localization in epithelial cells 
PAR-3 was initially discovered in C. elegans embryos where it regulates asymmetric cell 
divisions during cleavage (79).  Subsequently PAR-3 homologs were identified in flies and 
mammals where they regulate apical/basal epithelial polarity (1, 31, 80).  Extensive 
characterization of PAR-3 has since been undertaken in MDCK cells where PAR-3 localizes to 
the apical/basolateral boundary and aids in tight junction formation and generation apical/basal 
polarity (36, 37, 70, 81).  Xenopus A6 cells are a Xenopus kidney tubule cell line similar to 
MDCK cells.  As A6 cells polarize and behave in a similar fashion to MDCK cells they provide 
a model for the characterization of sub-cellular localization of Xenopus PAR-3.   
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  Epithelial polarization was observed in MDCK cells through the use of calcium switch 
assays (37, 72).  I similarly used calcium switch assays to characterize PAR-3 
compartmentalization in the initiation of apical/basal polarity and to confirm that the GFP tag 
does not interfere with PAR-3 localization.  In calcium switch assays, confluent sheets of 
polarized cells are cultured in calcium depleted media which causes disassembly of tight 
junctions resulting in depolarization of the epithelial cells (82).  Upon re-addition of calcium the 
cells re-form their junctions and re-establish polarity.  I found that PAR-3 is uniformly expressed 
in non-polar cells and then becomes compartmentalized as the cells polarize (Figure 13).  In 
MDCK cells, epithelial polarity is initiated by cell-cell contact (83), and the subsequent 
formation of intercellular adhesions containing nectins and JAM is believed to recruit PAR-3 to 
these adhesion sites through interaction with its PDZ1 domain (29, 31, 46).  In agreement with 
this model PAR-3 is localized to cell-cell contacts as MDCK cells repolarize (36).  I also found 
that PAR-3 accumulated at points of cell-cell contact in polarizing A6 cells (Figure 13).  PAR-3 
may therefore be similarly recruited to intracellular adhesions in Xenopus.  This demonstrates 
that localization of the PAR-3 construct is not altered by the GFP tag. 
A6 cells form highly polarized confluent sheets of cells. In MDCK cells as the epithelium 
differentiates tight and adherens junctions are formed between the epithelial cells and PAR-3 is 
localized in an apical band at the mature tight junctions (37, 84).   Similarly when A6 cells were 
stained with an antibody directed against rat PAR-3 it was found to localize at apical junctions, 
suggesting PAR-3 also localizes to tight junctions in A6 cells (57).  I found GFP-tagged PAR-3 
localized at the cell periphery of confluent A6 cells in a punctate pattern (Figure 13, Figure 14).  
The punctate pattern observed in my experiments may reflect the maturation state of the 
epithelium, indicating that the junctions have not completely formed.  However, it is also 
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possible that a punctate pattern is seen in my experiments because the GFP-PAR-3 only 
represents a subpopulation of PAR-3 since the endogenous protein is still present.  PAR-3 over-
expression did not alter the ability of A6 cells to initiate polarity or form an epithelium.  Previous 
studies have also found that over-expression of PAR-3 does not result in a loss of apical/basal 
polarity (37, 81, 85).  In summary, this conserved localization at cell-cell contacts in A6 epithelia 
is consistent with that described in MDCK cells suggesting PAR-3 a similar mechanism is 
functioning in the recruitment and maintenance of PAR-3 localization in Xenopus A6 cells.   
 
4.3.2 PAR-3 localization in migrating cells 
Migrating cells exhibit polarized cell morphology with a flattened protrusive front end 
and a retracting back end.  PAR-3 localization in migrating cells has been extensively 
characterized in mammalian cell lines through observation of individual migrating cells and with 
scratch assays.  In this assay a confluent sheet of cells is wounded through scratching with a 
pipette tip and cells at the wound edge are observed as they undergo an epithelial to 
mesenchymal transition and migrate into the wound.    
I used scratch assays to observe PAR-3 localization in migrating cells.  I found that in 
Xenopus A6 cells, PAR-3 was localized to the cell periphery in the epithelial sheet while wound 
edge cells displayed PAR-3 enrichment at the front end (Figure 14). This suggests that sub-
cellular localization of PAR-3 is re-compartmentalized to the front end in migrating cells.  This 
front end localization differs from that seen in MDCK  and NIH3T3 cell scratch assays where 
PAR-3 is only localized to cell-cell contacts displaying no front end enrichment(44).  However, 
PAR-3 is observed at the protrusive end of individual migrating HeLa and Vero cells as well as 
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keratinocytes (38, 86).   This is consistent with the behaviour of A6 cells as during wound 
healing they migrate out of the epithelial sheet, as opposed to MDCK cells which do not leave 
the epithelium and instead the confluent sheet expands to fill the wound.  Therefore the 
localization of PAR-3 at the front end of migrating cells appears to be context dependant.  It may 
be that PAR-3 can only move to front end lamellapodia when tight junctions are unstable and 
cells leave the epithelial sheet during wound healing.  I also found that the sub-cellular 
localization of PAR-3 correlated with actin accumulation as well as membrane protrusive 
activity.  Activated Rac has been implicated in lamellapodial formation through the regulation of 
actin dynamics(53).  PAR-3 has been demonstrated to regulate Rac activity through Tiam1(37, 
39) and it has previously been suggested that PAR-3 up regulation of Rac activity at the leading 
edge controls membrane protrusions (86).  This mechanism may also be present in A6 cells but 
awaits confirmation of compartmentalized Rac activity as well as Tiam1 localization.  In 
summary PAR-3 demonstrates a polarized localization to the leading edge of migrating A6 cells 
and likely functions in the generation of front/rear morphology in Xenopus A6 cells through 
control of the actin cytoskeleton. 
 
4.3.3 Role of conserved domains in PAR-3 localization in Xenopus A6 cells 
 Knowing that PAR-3 becomes compartmentalized during A6 cell polarization, I then 
asked what role the conserved CR1 and PDZ domains as well as the aPKC phosphorylation site 
play.  I generated N-terminal GFP-tagged constructs lacking each of the conserved functional 
domains (described in Section 2.1.2).  I then transfected the mutated PAR-3 constructs into A6 
cells and observed the localization in calcium switch and scratch assays.  Through comparison to 
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wild type PAR-3 (Section 4.3.1, 4.3.2) I was able to correlate localization and cell behaviour 
with each functional domain in both apical/basal and front/rear polarity.    
I found that ΔCR1 was not localized in either epithelial (Figures 15) or migrating (Figure 
16) cells and was instead present throughout the cell cytoplasm.  The CR1 domain has previously 
been implicated in oligomerization of PAR-3 allowing for the formation of higher order 
scaffolds resulting in enrichment at localization sites (85).   In MDCK cells the CR1 domain has 
been shown to be essential for membrane localization as removal results in cytoplasmic 
accumulation (36, 85).   My results indicate a similar role of CR1 in Xenopus suggesting PAR-3 
oligomerization is required for localization of PAR-3 in Xenopus A6 cells.  CR1 deletion is also 
associated with a delay of tight junction formation in MDCK cells however, over time the cells 
recover and are able to integrate fully into the epithelial sheet (36).  My results correlate with 
MDCK cells observations as the ΔCR1 expressing cells also integrated into the confluent 
epithelial sheet in A6 cells. 
The ΔPDZ1 construct also was not localized in apical/basal polarized A6 cells (Figure 
17).  The PDZ1 domain is believed responsible for recruitment of PAR-3 to tight junctions 
through binding of JAM and nectins (29, 31, 46).  Support for this role comes from the 
observation that inhibition of PAR-3/JAM binding resulted in a loss of PAR-3 
compartmentalization at cell-cell contacts in MDCK cell (41).  It was therefore expected that 
∆PDZ1 would result in a loss of compartmentalization in epithelial polarity.  Over-expression of 
PDZ1 did not affect cell behaviour and cells were still fully integrated in the epithelial sheet 
consistent with results in MDCK cells where disruption of JAM/PDZ1 interaction delays but 
does not inhibit tight junction formation.  These results confirm that localization of Xenopus 
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PAR-3 to the apical/lateral membrane in A6 epithelial cells requires the PDZ1 domain.  ΔPDZ1 
was also not localized in migrating cells A6 cells (Figure 18).  The mechanism behind of PAR-3 
recruitment to the front end of migrating cells remains uncharacterized and this is not a region of 
the cell that would be rich in JAM or nectins.  However, the PDZ1 domain is also able to 
mediate interactions with PAR-6 in formation of the PAR complex (34).  PAR-6 is observed at 
the leading edge of migrating cells in mammalian cell lines (29, 33).  The loss of localization 
with removal of the PDZ1 domain may indicate that PAR complex formation is necessary for 
PAR-3 enrichment at the front end of migrating cells but awaits confirmation of 
compartmentalized PAR-6 in A6 cells.  Furthermore, it suggests a novel role for the PDZ1 in 
recruitment of PAR-3 to the front end of migrating cells.  The PDZ1 domain is however not 
sufficient for PAR-3 localization as the ΔCR1 construct failed to localize.  This indicates that 
PAR-3 localization requires both recruitment by the PDZ1 domain and oligomerization.    
Interestingly of the PDZ2 domain was not necessary for compartmentalization of PAR-3 
as this construct was observed to compartmentalize to cell-cell contacts in epithelia (Figure 19) 
and was enriched at the leading edge of migrating cells (Figure 20).  However, in my 
experiments ∆PDZ2 appeared to localize less efficiently than PAR-3 as it had a lower intensity 
of fluorescence and was often only seen between adjacent transfected cells in the epithelial sheet. 
Over-expression of ΔPDZ2 also did not inhibit cell polarization as ∆PDZ2 transfected cells were 
able to form epithelial junctions and exhibited protrusive behaviour when wounded.  This was 
unexpected as the PDZ2 domain has been demonstrated to bind phosphoinositol lipid-containing 
membranes and is speculated to be responsible for localization of PAR-3 to the cell membrane 
(35).  Previous studies in MDCK cells have provided contradicting results as removal the PDZ2 
domain resulted is a loss of localization and tight junction formation in MDCK cells (35).  The 
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localization I observed may be due to recruitment by endogenous proteins likely through the 
CR1 domain, or by PDZ1 recruitment to junction.  Taken together this suggests that PDZ2 is not 
necessary for sub-cellular localization or function of PAR-3 in A6 cells but instead increases 
efficiency or maintains PAR-3 localization through association with the cell membrane.  
∆PDZ3 was also cytoplasmic in both epithelial (Figure 21) and migrating cells (Figure 
22) however, this lack of compartmentalization may be due to an absence of polarity in these 
cells instead of a failure in PAR-3 localization machinery (discussed in Section 4.3.4).   
The S777A construct appeared hyper-accumulated in both apical/basal (Figure 23) and 
front/rear (Figure 24) polarities.  Phosphorylation of PAR-3 by aPKC has been shown to weaken 
interaction with the PAR complex in MDCK cells and results in dissociation of PAR-3 from the 
apical membrane (1, 72).  My results may indicate that the aPKC consensus sequence is required 
for PAR-3 release from the membrane which is consistent with previous observations.  I did not 
observe any inhibition in either epithelial or migrating polarity with over-expression of the 
S777A construct.  Over-expression of an analogous point mutation has also been observed in 
MDCK cells, where it prevents tight junction formation demonstrated by the lack of junctional 
molecule ZO-1 between transfected cells.  Currently we do not have reagents to unambiguously 
identify tight junctions in A6 cells hence this could not be observed in my assays.  However, the 
transfected cells were still integrated fully into the epithelial sheet in MDCK experiments similar 
to A6 cells. This suggests that the aPKC consensus regulates maintenance of PAR-3 at the cell 
membrane but is not required for the generation of epithelial or migrating polarity. 
 
 78 
4.3.4 The PDZ3 domain is required for the generation of polarity in A6 cells 
While localization of PAR-3 required multiple domains the translation of this 
compartmentalization into apical/basal polarity required only the PDZ3 domain as only over-
expression the ΔPDZ3 construct resulted in altered cell behaviour.  Cells over-expressing the 
∆PDZ3 construct were unable to recognize neighboring cells and were found to overlap adjacent 
cells instead of forming intercellular adhesions (Figure 21).  This suggests a lack of contact 
inhibition which is essential in the establishment of epithelia.  The ∆PDZ3 expressing cells were 
further unable to confer apical/basal polarity and were not integrated into the confluent epithelial 
sheet (Figure 21).  This data coincides with the conclusions made in MDCK cells that generation 
of epithelial polarity is dependent on the PDZ3 domain (37, 87).  This mediation of polarity is 
likely to be regulated by phosphoinositide signaling.  The PDZ3 domain has been observed to 
interact with PTEN, a lipid phosphatase, providing a link between PAR-3 and phosphoinositide 
signaling (35).  Furthermore, PTEN is required for the formation an apical/basal gradient of 
membrane phosphoinositol lipids with PI(4,5)P2 (PIP2) concentrated in the apical domain and 
PI(3,4,5)P3 (PIP3) in the basolateral domain (88, 89).  Similar loss of contact inhibition was 
observed in migrating cells which crawled over adjacent cells rather than moving into the free 
wound space (Figure 22).  This suggests a similar requirement for PDZ3 in the generation of 
migrating front end polarity.  Phosphoinositide signaling has also been implicated in the 
regulation of cell migration with PTEN observed to localize to the leading edge of migrating 
cells (89, 90).  Together this suggests phosphoinositide signaling is involved in translation of 
PAR-3 compartmentalization to apical/basal or front/rear polarity and that the PDZ3 domain of 
PAR-3 is required for regulation of cell polarity.   
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4.4 Localization of PAR-3 is required for convergent extension 
Embryos over-expressing PAR-3 demonstrated significant delay or inhibition of 
blastopore closure, and when these embryos were raised to early tadpoles they exhibited defects 
consistent with inhibition of convergent extension including shortened or bent body axis, missing 
anterior structures, or exogastrulation (Figure 25a).  I then over-expressed the deletion and point 
mutation constructs in embryos to determine which domains were required for CE.  I found that 
deletion of either the PDZ1 domain or the aPKC phosphorylation site relieved the inhibition of 
gastrulation caused by full-length PAR-3 (Figure 25b).  These results suggest that PAR-3 may 
not be functioning in the PAR complex in Xenopus as the ΔPDZ1 and S777A constructs both 
mediate PAR complex interaction.  ΔCR1 was the only construct which consistently relieved 
PAR-3 dominant negative effects (Figure 25b) suggesting oligomerization is a critical step in 
PAR-3 signaling during convergent extension.     
 I then observed the localization of PAR-3 in mesoderm cells to determine if its function 
was dependant on localization.  PAR-3 was localized to the cell membrane in mesoderm cells 
undergoing convergent extension (Figure 29).  The ∆PDZ1 and S777A constructs were also 
observed to localize to the cell membrane in mesoderm cells (Figure 30).  The localization of 
S777A is consistent with what was observed in A6 cells, but the PDZ1 localization differs 
suggesting an alternate method of PAR-3 membrane recruitment between A6 cells and embryos.  
∆CR1 on the other hand did not localize and was expressed throughout the cytoplasm (Figure 
30).  Together these results indicate that PAR-3 must be localized to the cell membrane to 
regulate CE.   The PAR-3 localization in mesoderm cells was observed to be unbiased to either 
the medial/lateral or anterior/posterior membrane.  This result was unexpected as segregation of 
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PAR-3 to polarized domains is an essential part of PAR-3 function.  This lack of localization 
may be due to over-expression of PAR-3 overloading the localization machinery.  It also may 
indicate that these cells may not be molecularly polarized.  Such a scenario is supported by the 
observation that the microtubule cytoskeleton of axial mesoderm cells is not polarized until these 
cells contact the notochord/somite boundary (91).  The PCP protein Dishevelled is also observed 
around the entire periphery of axial mesoderm cells, further implying that these cells are not 
molecularly polarized (24).  The only exception to this is the mediolateral localization of PAR-6 
and aPKC that has been observed in axial mesoderm cells (92).  However, these observations 
were made in explants which were plated on FN and exhibited over-elongated cell shapes 
therefore it is unclear is this represents the in vivo situation.  In my experiments I could 
demonstrate mediolateral localization of several GFP tagged molecules as well as GFP alone 
when cells are plated on FN, suggesting this localization may be an artifact of cell adhesion 
rather than an in vivo phenomena. 
My results suggest that PAR complex formation is not required for convergent extension, 
as the ΔPDZ1 and S777A constructs which should inhibit PAR complex interactions, did not 
relieve PAR-3 inhibition.  It is therefore likely PAR-3 is interacting with a different signaling 
pathway during CE.  It was expected that the PAR-3 inhibition of CE would be due to titring of 
molecules that interact with PAR-3.  This does not appear to be the case, as the ∆CR1 construct 
contains all three PDZ domains but still relieved PAR-3 inhibition of CE.  As ∆CR1 was not 
compartmentalized to the membrane this suggests that PAR-3 signaling interactions at the cell 
membrane are required for CE.  Localization of the PCP protein Dsh to the cell membrane is also 
required for CE (24).  Furthermore, this localization is regulated by PAR-1 (26).  This 
demonstrates a link between the PCP and PAR cassettes suggesting that PAR-3 may be 
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functioning alongside Dsh at the cell membrane.  PAR-3 has also been shown to bind 
phospholipids through PDZ2 and mediates phosphoinositide signaling through interaction 
between PTEN and the PDZ3 domain (35, 87).  I was unable to determine the requirement for 
these domains in embryos however, PDZ3 was essential to polarity in Xenopus A6 cells.  
Furthermore, inhibition of PI3K activity inhibits convergent extension (89, 93).  PAR-3 may 
therefore regulate convergent extension through phosphoinositide signaling rather than the PAR 
complex.     
 
4.5 Conclusions 
I have provided an initial characterization of PAR-3 in the regulation of cell polarity in 
both Xenopus laevis tissue culture cells and embryos.  I found that PAR-3 exhibits a 
compartmentalized localization during epithelial polarization of A6 cells.  Initially PAR-3 is 
found at points of cell-cell contact then around the apical cell periphery as the epithelium 
matures.  PAR-3 also was localized to the leading edge of migrating cells in wound assays.  This 
localization was found to require both the CR1 and PDZ1 domains and to be increased with 
alteration of the aPKC phosphorylation site.  Furthermore, I determined that the PDZ3 domain is 
essential to contact inhibition and the generation of both epithelial and migratory polarity in A6 
cells.  I also determined that PAR-3 is expressed throughout Xenopus development and is 
required for convergent extension.  PAR-3 is compartmentalized to the cell membrane in 
mesoderm cells and this localization requires PAR-3 oligomerization and is essential to PAR-3 
function.  Moreover, my data suggests PAR-3 function in CE is independent of the PAR 
complex which raises the possibility that PAR-3 is functioning in an unknown alternate pathway. 
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4.6 Future Directions 
My work has provided an initial characterization of PAR-3.  While I was able to 
characterize the temporal expression of PAR-3, I was unable to determine the spatial regulation 
of PAR-3 expression.  This knowledge would provide further insight into what other 
morphogenetic movements may be regulated by PAR-3.   I also determined that PAR-3 is 
required for Xenopus convergent extension.  Further investigation is required to determine how 
PAR-3 is regulating cell polarity in CE.  I used over-expression to determine PAR-3 regulation 
of CE.  PAR-3 expression in Xenopus embryos can conversely be knocked-down through the use 
of morpholino oligonucleotides.  Elimination of endogenous PAR-3 then rescue with the deletion 
constructs I have generated would clarify domain specific functions.  Also the roles of the PDZ2 
and PDZ3 domains remain uncharacterized.  The use of knockdown experiments may be able to 
clarify the effects of these domains.  The results of this study suggest the possibility that the PAR 
complex is not formed in Xenopus.  A double deletion construct removing both the PDZ1 and 














ΔCR1      ATG CGT TTG GAA CAT GGT GAC GGG GGC ATT TTG GAT CTT GAC   
aa1-50     M   R   L   E   H   G   D   G   G   I   L   D   L   D      
 
 
ΔPDZ1     GTG GAA CCT GTC GGC CAT GCT CCC GTG ATC TGG TTC CAC GTG   




ΔPDZ2     GTC AAC TCC CCC ACC AAC AGT CGA AGC ACC AAG ATG GAC GGA 




ΔPDZ3     ACT CCA GAT GGA ACA CGG GAG AGA GGG ATG ATC CAG CTA ATT 
aa212-305  T   P   D   G   T   R   E   R   G   M   I   Q   L   I 
 
 
S777A     TTC CAG AGG GAA GGG TTT GCC CGC CAA GCC ATG TCC GAA AAA   
           F   Q   R   E   G   F   A   R   Q   A   M   S   E   K 
 
  
Figure A1.  Sequencing of deletions and point mutation constructs.  The generated constructs were 
sequenced to confirm mutations.  The start of the deletion is shown in green and the end of the deletion 
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